The unusual zero-magnetization ferromagnet ͑Sm 1−x Gd x ͒Al 2 ͑SGA͒ with x = 0.01 and 0.02 is investigated by magnetic, and magnetotransport and calorimetric measurements. Striking features observed around the compensation temperature T comp are an exchange bias in a single-magnetic-lattice compound such as SGA attributable to the anisotropy of the coupling between the spin and orbital moments; an anomalous Hall effect due to the asymmetric magnetic scattering of the conduction electrons; and a field-induced specific heat transition at T comp ascribable to the field-induced switching of the spin and orbital moments in a polarized conduction electron sea. The observations reveal the richness of physics in the SGA compound system.
I. INTRODUCTION
A ferromagnet is known to give rise to a spontaneous magnetization upon cooling to below its Curie temperature ͑T c ͒, which points in the direction of an externally applied field of even an infinitesimal magnitude. However, Adachi and Ino recently discovered a ferromagnetic state with a zero macroscopic magnetization ͑M͒ in the metallic SmAl 2 compound slightly doped with Gd at a characteristic temperature, known as the compensation temperature ͑T comp ͒ below T c . 1 A zero-magnetization ferromagnet has attracted great attention and offers potential application for spin-resolve devices. Many Sm-containing compounds exhibit unusual magnetic properties. This has been attributed to the unique properties of the magnetic Sm 3+ ion. 2 The separation between the lowlying J levels of the Sm 3+ ions is relatively small. This results in a thermally induced mixing of the J multiplets and thus different temperature dependences of the 4f-spin ͑M s ͒ and the 4f-orbital ͑M o ͒ parts of the total magnetization ͑M͒, which also includes the conduction electron contribution ͑M e ͒. 2, 3 Since M s and M o are almost equal and coupled to each other antiferromagnetically, M of these compounds is usually small and M e can be significant. M can display unexpected temperature behavior. Indeed, a zero-M state due to the complete compensation of the different M components has been achieved recently by Adachi and Ino 1 in the metallic compounds, ͑Sm 1−x Gd x ͒Al 2 ͑SGA͒, at the compensation temperature T comp . It was proposed 1 and later confirmed 4, 5 that this magnetically compensated state should be ferromagnetic with all spins aligned ferromagnetically at T comp in spite of M = 0. This unique feature of SGA was suggested 1 to be able to polarize charged electrons without the interference of the macroscopic magnetic field and thus offers potential applications such as spin-resolved devices. Nonresonant ferromagnetic x-ray diffraction was used to separate the spin and orbital contribution to magnetization density in Sm 0.982 Gd 0.018 Al 2 . 5 It is confirmed that the compensation is driven by the different temperature dependencies of the spin and orbital moments. It demonstrated that below T comp the orbital moment exceeds the spin one, whereas above T comp they nearly cancel each other. Gotsis and Mazin calculated electronic structure and magnetic properties of the SmAl 2 and SmZn by local density approximation ͑LDA͒ + U method. 6 They found a sizable orbital magnetic moment, comparable in magnitude with the opposite oriented spin moment. Specific heat data by Taylor et al. 5 indicate that the material exhibits no sign of magnetic transition at T comp . Therefore, the system remains ferromagnetically order through T comp .
However, the nature of such a moment-perfect cancellation at T comp and its effect on electron transports remain unknown. Magnetoresistance ͑MR͒ and Hall resistivity ͑ H ͒ provides insight into the coupling between the degrees of charge and spin, especially for spin flip at the compensation temperature. We have therefore examined the magnetic, transport, and calorimetric properties of ͑Sm 1−x Gd x ͒Al 2 with x = 0.01 and 0.02 at various temperatures, including T comp . It is found that some striking anomalies occur at T comp . The results show the existence of a field-dependent exchange bias field just below T comp , an unusual magnetic scattering of electrons near and across T comp , and a field-induced phase transition at T comp . The observations demonstrate that a complex relationship exists between the magnetic and transport properties. Additionally, a simple and direct manifestation of the ferromagnetism in the zero-magnetization state is achieved via magnetotransport measurements.
II. EXPERIMENTAL
Polycrystalline samples ͑Sm 1−x Gd x ͒Al 2 with x =0 ͑SA͒, 0.01 ͑SGA1͒, and 0.02 ͑SGA2͒ were prepared by arc-melting appropriate amounts of the ingredient elements in an argon atmosphere. Repeated melting of the ingot was done to promote homogeneity. Magnetization measurement was carried out with a superconducting quantum interference device ͑SQUID͒ magnetometer ͑MPMS-5XL, Quantum Design͒. The magnetoresistance and Hall resistivity measurements were performed in a Quantum Design Physical Property Measurement System ͑PPMS͒. In order to avoid the contamination between magnetoresistance and Hall resistivity each other, the magnetoresistance ͑MR͒ and Hall resistivity ͑ H ͒ were measured under the same positive and negative fields, respectively. The double MR is obtained by the positive field MR plus the negative field MR, whereas the double H is obtained by the positive field H minus the negative field H . The heat capacity was measured as a function of temperature in magnetic field using the Physical Property Measurement System ͑Quantum Design͒.
III. RESULTS AND DISCUSSION
The typical temperature dependence of M of SGA on cooling in different fields ͑H fc ͒ is displayed in Fig. 1 . On cooling in a low H fc , M rises rapidly below the Curie temperature ͑T C ͒, indicative of a ferromagnetic ordering, goes through a maximum, and finally decreases continuously to a negative value. The negative M is attributed to the hysteretic effect. A minimum M appears at T min at a larger H fc due to partial realignment of the magnetic domains along the field. A striking feature is found in the M-H loop measurements below the compensation temperature with the field cooling. The M-H loops below T comp are off center and shift to the negative-field side as shown in the inset of Fig. 2 . This phenomenon is known as exchange bias. It usually occurs in multilayer thin-film systems because of the exchange coupling of the ferromagnetic ͑FM͒ and antiferromagnetic ͑AFM͒ films across their common interface. 7, 8 Exchange bias is a very useful characteristic in controlling the operation and performance of the magnetic devices. Figure 2 indicates that the exchange bias can occur in the single-magnetic-lattice metallic compound system. It could arise from the anisotropic coupling between M s and M o , suggesting that the single-magnetic-lattice SGA may behave as a system with two different magnetic sublattices at the molecular level, similar to the bilayered FM/AFM thin-film system. We have measured the M-H hysteresis loops of SGA for H fc =1 T at different temperatures as displayed in the inset of Fig. 2 . Both the exchange bias H ex ϵ −͑H + + H − ͒ / 2 and the coercive field H c ϵ͉͑H + ͉ + ͉H − ͉͒ / 2 are determined, where H + and H − represent the fields required to suppress ϩ and Ϫ remnant M's to zero, respectively. The results are shown as a function of temperature in Fig. 2 for SGA2 with T comp ϳ 80 K. Because of the diminishing M at and near T comp , it becomes increasingly difficult to determine H c at these temperatures. However, a clear extrapolated maximum H c Ͼ 0.37 T at T comp is evident, consistent with the previous observations and suggestions 4, 5 that a very stable zero-M ferromagnetic state exists at T comp . A clear nonzero H ex is detected below T comp , similar to that in an exchange-coupled ferromagneticantiferromagnetic multilayer system. As shown in Fig. 2 peak with a value of ϳ600 Oe appears in H ex versus T curve slightly below T comp and vanishes above T comp . The observation suggests that the exchange bias is mainly related to the anisotropy of the coupling between the spin and the orbital moments, although domain wall may also play a role at least at low temperatures, which is confirmed by the different temperature dependences of H ex and H c .
Examining the magnetic scattering of electrons will help us unravel the working of SGA and further understand the nature of the perfect compensation between the spin and orbital moments. The magnetoresistance ͑MR͒ and the Hall resisitivity ͑ H ͒ of SGA are therefore investigated. As shown in Fig. 3͑b͒ , the MR at an applied field of 5 T above T C is negligible, but exhibits two distinct anomalies at T C and T comp , respectively: a ϳ 2% rapid drop at T C and a sign change at ϳT comp from negative to positive. It is known that H of a ferromagnet consists of the normal part due to the Lorenz force and the anomalous part due to the asymmetric magnetic scattering associated with M, i.e., H = ͑R 0 H + R s M͒, where R 0 and R s are the normal and anomalous Hall coefficients. 9 Since the anomalous part of H is proportional to M, H measurements will enable us to probe the electron scattering in the ferromagnetic state and, particularly, in the nearly zero-M state in SGA close to T comp . The H ͑T͒ results of SGA1 and SGA2 in different H fc and, for comparison, of SmAl 2 in 1 T on cooling, are shown in Fig. 3 . As shown in Fig. 3͑a͒ , H of SmAl 2 is a small positive constant above T C , drops precipitously to negative on cooling when the sample enters the ferromagnetic state at T C , and goes through a smooth minimum. It decreases in magnitude and stays negative on further cooling to 4 K. An H fc of 5 T causes only small change in H but leaves its general features intact. In comparison to SmAl 2 , the H for the SGA1 and SGA2 shows different behavior except for the behavior near T C . A striking feature is that the H suddenly exhibits a rapid rise and changes sign from negative to positive at certain temperatures below T comp . It definitely indicates an occurrence of spin flip across T comp , which is consistent with the observation by nonresonant ferromagnetic x-ray diffraction. 5 The temperature ͑T 0 ͒ corresponding to the sign change in H upshifts with increasing H fc up to 2 T. With H fc larger than 2 T, the T 0 do not increase further and coincide with T comp . However, for SGA2 at H fc = 0.2 T ͑the minimum field used for our Hall measurements͒, the behavior of H is similar to that of SmAl 2 , except that H becomes less negative below T C and changes sign at a temperature T 0 Ͻ T comp . As H fc increases, H rises more quickly near T 0 and peaks more sharply before it decreases on further cooling. At the same time, T 0 increases rapidly with H fc , from ϳ52 K at 0.2 T and saturates at ϳ80 K for H fc ജ 2 T. T 0 coincides with T min where M is minimum for H fc Ͻ 2 T and merges with T comp for H fc ജ 2 T as defined in Fig. 1 . Although for the sample SGA1, the T 0 changes from 95 to 100 K with increasing H fc from 0.2 to 5 T. This is consistent with the change of T min with H fc as shown in Fig. 1͑a͒. A 9 and that it changes sign, whereas M does not. The anomalous Hall effect observed is, hence, more complex than originally proposed. 9 This is particularly true at T comp where M s and M o switch sign in a field greater than the coercive field. However, we found that for the sample SGA2 under 5 T, H ͑T͒ ϰ ͓1− M͑T͒ / M͑0͔͒ n with n =2/3 below T comp , n = 3 between T comp and T peak where M peaks above T comp but below T C , and n = 1 between T peak and T C . The overall underlying physics is not yet known, and further investigation is being carried out. To understand H ͑T͒ qualitatively, we compare the H ͑T͒'s at H fc ജ 2 T for the sample SGA2 when all magnetic domains are aligned to avoid the complication that arises from domain reorientation. It is interesting to note that the differences between the H ͑T͒'s at H fc Ͼ 2 T in Fig. 3 , after all magnetic domains are aligned, are about the same in magnitude but opposite in sign above and below but close to T comp ϳ 80 K, i.e., ͓ H ͑75 K,5 T͒ − H ͑75 K,2 T͔͒ ϳ͓ H ͑85 K,2 T͒ − H ͑85 K,5 T͔͒. This can be understood by assuming that M s and M o have opposite effects on the anomalous Hall resistivity, i.e., a negative H by a positive M s and a positive H by a positive M o , consistent with the M͑T͒ displayed in Fig. 1 . The magnitudes of such effects remain unknown, although M s is usually considered to be more effective in generating the anomalous Hall effect. Recently, Fang et al. 10 reexamined the intrinsic anomalous Hall effect and proposed that the nonlinear scaling between H and M and the sign change of H might be associated with the existence of a magnetic monopole in the momentum space of the itinerant SrRuO 3 ͑SRO͒ ferromagnet. The itinerant SGA ferromagnet displays an anomalous a Hall effect similar to that of SrRuO 3 . Although it is not clear if SGA and SRO belong to the same material category, it is not inconceivable that, with proper spin textures and band structures, a singularity in the vector potential in the momentum space may be present in SGA in a magnetic field, indicative of the existence of a magnetic monopole as suggested. If this is indeed the case, the single-crystalline SGA system with different dopings may provide an excellent opportunity for testing the model.
The unbalanced scattering of electrons by M s and M o suggests that the simple Hall technique can be employed to explore the magnetic state of SGA near T comp by measuring the H -H loop at temperatures close to T comp . A magnetic hysteresis has been observed as exemplified in Fig. 4 for SGA2 at 74.9 K, 79.8 K͑ϳT comp ͒, and 84.8 K. Figure 4 shows that the H changes the sign across T comp , being consistent with the observation in Fig. 3 . Figure 4 clearly indicates that linear term with the field in the formula H = ͑R 0 H + R s M͒ is the same at the three temperatures. It suggests that the different H just arises from the anomalous part. The large hysteresis at 79.8 K reaffirms that SGA is a ferromagnet very close to T comp , which is 80 K, in spite of its nearly zero M ͑due to the complete cancellation between M s and M o plus a small conduction electron contribution at high field͒, consistent with the previous studies by magnetic Compton scattering and nonresonant ferromagnetic x-ray diffraction. 4 However, the coercive field detected in the H -H loop is many times greater than that observed in the M-H loop. A long tail closing at ϳ3 T in the M-H loop has recently been detected by us in polycrystalline SGA samples, which are reminiscent of a loosely coupled multimagnetic component system. The difference between the coercive fields determined magnetically and electrically may therefore be ascribed to the different anisotropies and couplings of various magnetic components of SGA that are yet to be confirmed experimentally. A more mundane cause possibly associated with sample inhomogeneity cannot be completely ruled out at the present. Studies on single crystals may help resolve the puzzle.
In a magnetically compensated system, such as SGA, a switching of the strongly coupled M s and M o near T comp , where M s = M o in a field, does not change the energy of the system, and thus no specific heat ͑C p ͒ anomaly is expected to be induced by a field at T comp . However, if M e associated with the polarized conduction electrons is coupled to M s and M o with different strengths, the magnetic symmetry will be broken, leading to a field-induced C p anomaly at T comp . We have therefore measured the C p of SA and SGA as a function of temperature at different fields to test such couplings. In the absence of H, the Gd doping changes the overall C p only negligibly, except for moving the T C up slightly. The C p jump at T C , characteristic of the ferromagnetic transition, is detected in all samples, in agreement with a previous report. 5 The application of H only smears the ferromagnetic transition slightly without affecting the general C p ͑T͒ or shifting the T C as shown in inset I of Fig. 5͑a͒ . However, at ϳT comp and when H exceeds a specific value, a clear C p anomaly, indicative of a spin-flip transition, is indeed observed in the SGA samples, i.e., when the field ജ2 T for SGA1 and ജ5 T for SGA2. The field-induced C p ͑T , H͒ anomaly, ⌬C p ϵ C p ͑T , H͒ − C p ͑T ,0͒, of SGA1 and SGA2 at different fields is shown in Fig. 5 . It is evident that ⌬C p grows with field and always peaks at the T comp ϳ 100 and ϳ77 K for SGA1 and SGA2, respectively, which is field independent as the M͑T͒ data show. ⌬C p is plotted as a function of field in inset II of Fig. 5͑a͒ . It increases linearly with the field and can be interpolated back to ⌬C p = 0 at a field of ϳ0.9 T. In other words, a nonzero ⌬C p should appear in a field above 0.9 T. No ⌬C p was detected well within our experimental resolution at 1 T, suggesting that it may be a first-order transition above 1 T. However, no hysteresis of ⌬C p ͑T͒ was observed. At the same time, we found that the ⌬C p detected in SGA2 is much smaller than in SGA1 and a much higher field ϳ5 T is required to induce a C p anomaly in SGA2. Information concerning the coupling strengths between various magnetic components of the magnetization of the compound is needed to understand the observations.
IV. CONCLUSION
In this paper, we demonstrate that an exchange bias exists on the molecular level in the single-magnetic-lattice metallic compounds of SmAl 2 doped with Gd below their compensation temperatures, suggesting, in principle, the possible use of the material for spin-resolved nanodevices. The unusual anomalous Hall effect observed in the compounds may be understood in terms of the field-induced flipping of the spin and orbital moments. This also raises the tantalizing prospect of a magnetic monopole in the momentum space recently suggested in an itinerant ferromagnet. The detection of a field-induced specific heat anomaly points to the intricate couplings among the moments of spin, orbital, and conduction electrons in the SGA compound system. More studies are warranted to unravel the mystery of this scientifically interesting and technologically promising compound system. 
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